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Abstract
The plasma potential of the scrape-off-layer (SOL) in the tokamak is a key indicator of
the erosion rate of the plasma facing component (PFC) material. The Alcator C-Mod SOL
plasma potential is currently measured by emissive probes, which is an established potential
diagnostic, yet the probes are fragile and short-lived. The ion-sensitive probe (ISP) is a possible
sturdier replacement for the emissive probe. Plasma potentials in the Dionisos plasma chamber
(DPC) are compared between the two probe types. Preliminary results show the DPC electron
density in helicon mode was found to imitate that of the C-Mod plasma SOL. The ISP plasma
potential followed the same trend as the emissive probe plasma potential with RF power level,
and the two potentials were always within the error of one another. These results indicated the
ISP appears to be appropriate for use in C-Mod.
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1. Introduction
Massachusetts Institute of Technology's tokamak, Alcator C-Mod, is one of the leading
research tokamaks in the world. C-Mod has a major radius of 0.67 m, a minor radius of 0.21 m, a
maximum toroidal field of 5.3 Tesla and plasma currents as high as 1 MA (Hutchinson 1994). A
primary research focus at C-Mod is Plasma Surface Interactions (PSI.) One of these PSI projects
includes determining the erosion rates of the C-Mod plasma-facing components (PFC)
throughout the tokamak. The erosion rates are determined by the energy of the plasma ions that
strike the PFC. This research project will use in-situ methods to measure the ion energy and the
plasma potential (Dp) distribution in the C-Mod Scrape Off Layer (SOL), the plasma that makes
physical contact with the PFC.
The ideal material to use for the PFC in tokamaks has not yet been determined. Currently,
carbon is the most widely used PFC. Its main advantages are extensive tokamak operation and
lack of melting at high temperatures. However, it has high tritium retention (Lipschultz 2001).
Tritium retention is a major concern in all tokamaks due to the potential safety hazards if this
radioactive hydrogen isotope is released and the difficulty of removing tritium when it becomes
deposited on the PFC in tokamaks. The C-Mod PFC consists of molybdenum and tungsten.
Molybdenum and tungsten are believed to be better PFC choices than carbon, because of lower
erosion rates, lower hydrogen fuel retention, and robustness to nuclear damage and activation
due to the large atomic mass (Lipschultz 2006). PFC erosion negatively affects the performance of
the core plasma, because the PFC can be transported from the inner surface to the core plasma,
where it acts as an impurity (Lipschultz 2001). Plasmas have particularly low tolerance to high
mass elements because they cause plasma performance degradation through radiative cooling.
Material impurities change plasma behavior and confinement and cool the plasma, which
decreases the fusion reaction rate. Therefore, determining and controlling erosion rate for the
PFC throughout C-Mod (and then other tokamaks) is essential to selecting a low erosion-rate
material for its PFC and future tokamaks (including ITER). This determination also will increase
the understanding of the physics of the plasma-surface interactions, which is necessary for
creating a working fusion reactor.
There are many methods for heating plasma to thermonuclear temperatures (100,000,000
Celsius); ion cyclotron radio frequency (ICRF) heating is the primary auxiliary heating method
to heat the C-Mod plasma to these temperatures. ICRF heats the plasma by coupling the energy
of the RF wave directly to ions. The advantages of ICRF include its ready availability, low cost,
small foot-print near the reactor, and direct heating of the ions. ICRF enhances the PFC erosion
rate in C-Mod, so Dp probe(s) will be used to measure the 1p and ion energy distributions with
ICRF heating and without ICRF heating (Lipschultz 2007). Once the incident energy of the
plasma ions is known, erosion rates of the PFC may be estimated for ICRF heating and without
ICRF heating. The issue of whether ICRF heating of the C-Mod plasma drastically increases the
erosion rate of the molybdenum and tungsten PFC and thus undermines the advantages presented
by ICRF heating is an important problem for C-Mod and future tokamaks.
Dp can be measured using material probes or heavy-ion beam probes. Material probes
are preferred over ion beam probes, which can be very complicated. A material probe that is
commonly used to measure the Dp is an emissive probe. The heavy-ion beam probe is complex,
requires detectors, only measures the potential in one location, and is only suitable for measuring
Op in the core plasma (Journal of Physics 2005).
Emissive probes measure the SOL Dp. An emissive probe emits electrons in the direction
opposite to the electrons collected from the plasma. The (Dp can be estimated to be equal to the
floating potential of the probe when enough electrons are emitted to make the emission current
equal to the electron saturation current (lesat), as determined from the current-voltage (I-V)
curve of the probe (Journal of Physics 2005). However, emissive probes have an electron
emission limit and a limited life time, so they can become fragile with use. While emissive
probes accurately measure Dp, they are not preferred, therefore, the goal of this thesis is to
determine whether other plasma material probes accurately measure Op and be more robust.
The material probe designs being tested in the Dionisos plasma chamber (DPC) to
measure Dp and other plasma characteristics include emissive, Langmuir, and ion-sensitive
probes (ISP.) 1 p is determined by measuring the plasma probes' I-V traces. The emissive probe
is known to accurately measure 1p, so it is used for comparison purposes with the ISP's
measured Dp. A Langmuir probe will be used to measure basic plasma characteristics, including
electron density (ne), electron temperature (Te), and ion saturation current (Isat.) While the
Langmuir probe can measure potential, it measures the floating probe potential rather than the
(p. To infer the Dp using a Langmuir probe, the plasma Te must be known and the sheath ion
and electron saturation collection must be "well-behaved," which is not always true in magnetic
fields. Thus, a Langmuir probe can provide information about the plasma, but it cannot
accurately measure 1p.
The ISP is the leading candidate to measure Dp in C-Mod. It can be used in magnetized
plasmas, and it also provides the measurement of ion perpendicular temperature (Ti.) The ISP is
similar to the Langmuir probe, in that it is a solid metal electrode making it more robust.
However, the ISP has an insulator that protects it from the plasma and allows for the probe to be
moved in and out of the insulator. From previous work, at an ideal distance within the housing,
the number of plasma electrons and plasma ions that are collected by the electrode will become
equal and 1p can be measured (Adamek 2004). If the ISP is found to accurately measure eDp, it
will be a very robust option for C-Mod.
These probes are tested in the DPC, which creates a radiofrequency (RF) plasma. When
the DPC plasma is in helicon mode, the electron densities reach - 10-18 m-3, similar to those of the
C-Mod SOL plasma, so the conditions that the plasma probes are exposed to in the DPC will be
similar to the ones they will be exposed to in C-Mod. By determining the electron densities at
various RF power levels and magnetic fields, ideal operating conditions will be determined
where ne in the DPC is similar to that of C-Mod. The Dionisos plasma is created by ionizing a
gas (argon, helium, neon, or oxygen) through application of a RF created electric field at the RF
antenna. The high ne achieved in helicon mode, similar to that of C-Mod, is created by applying
a certain RF power and a magnetic field throughout the plasma chamber. RF power, magnetic
field, and neutral gas pressure can all be varied independently which allows for plasma
characteristics to be measured as a function of these variables.
The goal of this thesis is to qualify and characterize the ISP for Dp measurements in C-
Mod by testing it in laboratory plasma.
2. Theory
This section presents the theory associated with the plasma potential plasma
characteristics in 2.1, the emissive, Langmuir, and ISPs in section 2.2, 2.3, and 2.4, respectively,
and the different modes of the RF plasmas in 2.5.
2.1 Probe characteristics
Probes form a sheath when they are inserted into the plasma, a layer of positive ions near
the probe's surface. The probe will quickly become negatively charged when exposed to plasma
due to the fast moving electrons, and then the probe will repel most of the electrons except the
ones with very high energy. The negatively charged probe will then begin to attract the slower
ions.
A varying voltage is applied to the probe and the collected current at each voltage is then
measured. From the graph of I-V different plasma characteristics can be determined.
While the probe's I-V traces can provide an accurate measure of plasma characteristics,
there are a few factors that can alter these results. Probes perturb their local surroundings, thus
changing some of the plasma characteristics measured by the probe. Another factor is secondary
electrons, which are emitted from the probe surface when a charged particle (such as an electron)
impacts the materials with a sufficiently high energy; secondary electrons can also change
plasma characteristics and change the current measured by the probe. Secondary electron
emission typically causes Te to be underestimated by Langmuir probes. An additional factor is
the magnetic fields, which cause both electrons and ions to orbit around the magnetic field with
their gyroradius, thus, affecting how many charged particles are collected. While probes in DC
plasma can measure the plasma characteristics accurately as long as one of the previous factors
does not change them, RF noise can perturb the I-V characteristics unless the RF noise is
suppressed (Hutchinson 56-80).
2.1.1 Explanation of potential, plasma potential, and floating potential
The potential energy is the stored energy in a system that can later be harnessed and used.
When an electrostatic force is applied to a system of two or more charged particles, the system
has an electric potential energy. The potential energy of a charged particle in an electric field
depends on the charge magnitude. The potential energy per unit charge has a unique value at any
point in an electrical field; this number is referred to as the electrical potential (Halliday 167).
Since plasmas are very good conductors, potentials play a large role in plasma behavior.
The plasma potential or the space potential (Dp) is the electrical potential in the plasma in the
absences of any probe. The floating potential (Vfl) is the potential that a floating probe,
electrically isolated probe, adopts when exposed to the plasma. This potential draws no net
current and Vfl of an insulated probe can vary from one probe location to another depending on
the local plasma parameters (Hutchinson 56). Determining the Fp from Vfl of the emissive and
ISP is discussed in section 2.2 and 2.4, respectively.
2.1.2 Saturation current
The saturation current occurs where the current of only one type of species (either
electron or ion) is being collected. Once the saturation current is reached, the collected current
will not change with applied voltage. Isat is easily measured by a Langmuir probe. Isat is reached
when the negative voltage repels all the electrons and only collects ions. lesat is typically harder
to measure in a magnetic field and generally uninformative when measured. However, it is
reached when a positive voltage repels all ions and only collects electrons (Hutchinson 57).
2.1.3 Temperature
Te in plasma is typically higher than Ti due to most plasma sources heating the electrons
more strongly than the ions. In the DPC plasma Te is - 7-15 eV (1 eV=11604 K), depending on
the plasma mode. This temperature is similar to the temperature in the SOL plasma of tokamaks
(Adamek 2004). Te is measured by the Langmuir probe. Ti is supposedly measured by the ISP.
2.1.4 Density
Tokamaks typically have core densities of the order 1020 m-3 and SOL densities of -1018
m-3 . The density in helicon plasmas can also be on the order of 1019 m 3, making helicon plasmas
an ideal site to test probes that would be exposed to tokamak densities. Ne in the DPC, based on
past experiments has been about 1016-1018 m-3 , depending on the plasma mode. This density
range makes it ideal for testing probes that would be exposed to C-Mod SOL plasma, which has
similar densities and Te.
The density of ions and electrons are the same due to quasi-neutrality.
2.2 Determining the plasma potential from the floating potential of the emissive probe
The emissive probe is an in-situ material probe similar to a Langmuir probe but with a
loop of tungsten wire protruding out at the end typically used to directly measure Dp. However,
unlike the Langmuir and ISPs, an emissive probe is typically not used to measure density,
temperature, or saturation currents. There are several techniques of measuring Fp with an
emissive probe; the strong emission method is used in this thesis. When a current is applied to
the emissive probe to heat it, it begins to release electrons. As the temperature of the probe
increases, so does the number of emitted electrons and hence their emitted current. The emissive
probe collects current on the probe from the plasma as well as the emitted current of the
electrons. The emissive probe's floating potential is dependent on the emissive current, by the
following equation
T I
p = Vf +- e In( esat (Equation 2.2.1)
qe 'isat +Iem
where Op is the plasma potential in Volts, Vfl is Vfl of the emissive probe in volts, Te is in eV, qe
is the electron charge in C, Iesat is the electron saturation current in A, Isat is in A, and Iem is the
net emitted current of emissive probe in A (Schrittwieser 2002). When Iem >> Iis, Iis can be
ignored (Iem=0 is a standard Langmuir probe.) As lem - lesat, the natural log term will be equal to
zero so Vfn will be equal to the Op.
When Vfl (Dp, lem, the net current, remains constant. If Vfl> Op only a fraction of the
emitted electrons can be transmitted into the plasma. Thus, the probe voltage must saturate at Op.
This behavior is understood by the fact that the probe emits more electrons than the plasma can
supply; the plasma does not "know" the probe is inserted in the electrostatic sense. Vn will not
change once Iem-Iesat.
2.3 Determining plasma characteristics from the Langmuir probe
The Langmuir probe is an in-situ simple material probe consisting of a small metal wire
exposed to the plasma and electrically isolated used to measure basic plasma parameters, such as
Isat, Te, and ne. The probe potential will begin to stabilize with the small positive ion current
equaling the high energy tail of the electron distribution. The probe is then said to be floating.
When this probe is exposed to the plasma, the current to the probe is recorded as a function of
the applied voltage. For the Langmuir probe graph of collected current versus applied voltage,
there are typically three regions (shown in Figure 2.2.1). The leftmost region is the ion saturation
region and the rightmost region is the electron saturation region. In the in-between region, the
electron transition region, both electrons and ions are collected but since electrons move much
faster that ions, its behavior is dominated by electrons.
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Figure 2.2.1: Typical I-V graph for Langmuir probe (AZoM.com)
2.3.1 Ion saturation current
Isat is determined from the I-V trace of a Langmuir probe. When a sufficiently negatively
voltage is applied to the probe, the current measured will be that of only the ions.
2.3.2 Electron temperature
Te is determined in the I-V "knee", when the electron current deviates from Isat as V
increases. The natural log of the electron current (I-Isat) is examined versus the applied voltage.
The inverse slope of this curve in the "knee" is Te.
2.3.3 Electron density
The electron and ion density is calculated after determining Te and the ion saturation
current.
2.3.4 Floating potential
Vfl of a Langmuir probe is where there is no net current. However, Vfl is not typically the
'1p because of the difference in Iesat and Isat, as shown by Equation 2.2.1. This Op was not
estimated in this thesis by the Langmuir probe.
2.4 Determining plasma characteristics from ion-sensitive probe
ISP, also known as Katsumata probes, are also very similar to Langmuir probes except
they are mainly used to directly measure Op and perpendicular ion energy. They consist of a
metal electrode collector with a metal cone tip whose position, h, can be adjusted in its housing
(shown in Figure 2.4.1). The housing consists of an independently biased guard, an insulator, and
the ISP collector. The depth of the electrode can be adjusted to the ion gyroradius, which is
typically much greater than the electron gyroradius, to decrease collected electron current by
adjusting h (Adamek 2004). When Iesat= Isat, Vfl of the ISP is the supposedly the same as the
Dp as demonstrated by Equation 2.2.1, however, since ISP does not act as a standard Langmuir
probe due to its geometry it is not clear that Equation 2.2.1 is valid for ISP.
Biased guard
Insulator Collector
Figure 2.4.1: ISP diagram. The recessed biased guard and the insulator probe as seen
from the plasma. The purple line is the ion gyro orbit and the blue line is the electron gyro orbit.
In this thesis the tip of the collector "rod" is flat.
2.4.1 Ion perpendicular temperature
Ti can be measured when the electron current is taken from the collected current of the
ISP. The natural log of the net current divided by Isat is plotted versus the applied voltage, and
the slope of the linear region is found to be Ti.
2.4.2 Floating potential
Vfl of an ISP is where there is no net current. However, this is not typically the Dp
because of the difference in electron and Isat. The Dp can be estimated when les=Iis.
2.5 Modes of RF plasma
Plasma is an ionized gas consisting of electrons, ions, and neutral particles. RF plasmas
are formed in a gas by externally applying a RF field. RF waves move from the antenna through
the plasma and excite the neutral atoms to free electrons and ions. RF plasmas can operate in the
following three modes depending upon ne: E-mode, H-mode, and helicon mode. Another way of
ionizing gas to create plasma is direct current (DC); in direct current there are negative and
positive electrodes, which cause the current and also the plasma to be created between them.
E-mode RF plasmas are created by a low power inductive source and are in a capacitively
coupled mode, so the plasma density is not high enough to shield the electrostatic fields from the
RF source which causes Dp fluctuations. These Dp fluctuations increase with RF source power
in E-mode. When the RF power reaches a threshold value, the plasma abruptly changes into
inductively coupled H-mode. H-mode provides better electrostatic shielding against the external
voltage fluctuations and decreases the fluctuations in Op. A further increase of power and the
plasma changes into helicon mode.
Helicon discharge plasmas produce higher density (thus they have a higher efficiency) at
higher input power than other RF or dc discharges (Chen 1995).
3. Materials, Applications and Procedures
This section presents the materials, applications, and procedures associated with the
Dionisos Plasma Chamber 3.1, ball-pen placement in section 3.2, determining ideal operating
conditions in section 3.3, determining plasma characteristics in 3.4, determining plasma potential
in 3.5, and comparing probes in section 3.6.
3.1 Dionisos Plasma Chamber
The DPC forms a steady-state low-temperature cylindrical RF plasma with an applied RF
and magnetic field. The DPC consists of two parts: the exposure chamber (vacuum vessel,
cooling system, et cetera) and the helicon plasma source. The vacuum vessel is a custom-built
chamber that consists of 19 diagnostic ports and a hinged door. The helicon source is an m= 1
Nagoya type III antenna surrounding a cylindrical quartz tube. The antenna is attached to a
manual match network, which is also attached to the APEX 3013 3000 W RFRF generator
(Wright 2007). The RF power level is controlled digitally through a PC. The plasma
characteristics were measured from RF power level of 0 to 1600 Watts for this thesis. The
magnetic field that can be applied by the four copper magnets is 0.04 Tesla. The DC power
supply to the copper magnets is a Sorensen SGA 80/313. A picture of all these components is
shown in Figure 3.1.1.
Figure 3.1.1: Dionisos plasma chamber and components
The components are actively cooled by water from a water pump or air flow to prevent
them from overheating.
The noble gas argon was used in these experiments. With low RF power (less than 1000
W) the color of argon plasma is pink; however, when the plasma transitions into helicon mode at
about >1200 W it becomes a deep blue due to Te increasing emission from Argon ions.
3.1.1 General experimental procedures
The material probe being tested is inserted into one of the 1 " diagnostic ports on the
DPC; this same port is used for all measurements to obtain the Op measurement at the same
location in the plasma. The DPC is first pumped down to a few mTorr with its rough and turbo
pump. The pressure is measured by the InstruTech Inc foreline and the mks PDR2000 Dual
Capacitance Manometer. The air flow and water pumps are then turned on. The argon gas is
turned on and the flow rate is controlled by the Brooks Instrument 0151E mass flowmeter. The
electrical circuit of the material probe is turned on. The magnetic field is then turned on to 0.04T
and then RF power is applied. RF power level applied varies depending on the experiment. The
applied voltage to the material probe is varied and the collected current is measured to generate a
graph of collected current versus applied voltage. Once the experiment has been completed all of
its components are turned off in reverse order of the way in which they were turned on.
3.2 Placement of the ion-sensitive probe within its insulator
The ISP was tested at various distances outside and inside the insulator edge. The
maximum distance, h, tested was h=+5 millimeter (outside of the insulator) and the minimum
distance tested was h=-5 millimeter (inside of the insulator); the distances were tested in
increments of 0.5 millimeters. When the ball-pen electrode was placed outside of its insulator, it
acted like a Langmuir probe. However, when the electrode was placed inside of its insulator, the
collected Iesat decreased. The original method to determine the ideal placement of the electrode
was to decrease the collected lesat to that of the collected Isat. This phenomenon is expected for
h- Pe (electron gyroradius) since pi (ion gyroradius) >> Pe. However, upon conducting the
experiment, it was found that Isat was very small, almost non-existent, at h=-5 mm whereas the
collected electron current was always greater than the collected ion current for h>>pe. This
observation questions the standard interpretation of ISP.
3.3 Ideal operating conditions for operating the RF plasma in helicon mode
The magnetic field and pressure remain constant through this thesis, so the only variable
for determining the ideal operating conditions for helicon mode is the RF power. The transition
to helicon mode was first confirmed visually. These ideal operating conditions were then tested
with the Langmuir probe to confirm that ne was indeed similar to that of C-Mod's SOL.
3.4 Determining the basic plasma characteristics
This section presents the materials, applications, and procedures associated with
determining the basic plasma characteristics with the Langmuir probe in section 3.4.1 and ISP in
3.4.2, respectively.
3.4.1 Basic plasma characteristics determined by the Langmuir probe
The basic plasma characteristics were determined from the current-voltage graph
measured with the Langmuir probe at several different RF power levels. A program was created
in Matlab to calculate Isat, Te, and ne.
The applied voltage and collected current were loaded into Matlab and the noisy portion
of the collected data is discarded. Isat is calculated by averaging the left flat portion of the I-V
curve, as shown in Figure 3.4.1.
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Figure 3.4.1: Collector net current versus applied voltage for a Langmuir probe to
determine Isat at a RF power level (Prf) of 1600 Watts
Isat is then subtracted from the collected ion data to remove the ion current and only have
electron current. The inverse slope of the linear portion of the electron current versus applied
voltage graph is Te, as shown in Figure 3.4.2.
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Figure 3.4.2: Natural log of net electron current versus applied voltage for a Langmuir
probe to determine Te at Prf=1600 Watts
Ne is then calculated from the following formula:
2 * l
ni = e
where ni is in m3 , ne is in m -3, Fi is the ion current density in m-2s-1, and c, is the sound
speed in m/s (Hutchinson 84.)
3.4.2 Basic plasma characteristics determined by the ion-sensitive probe
The basic plasma characteristics were determined from the I-V graph measured with the
ISP at several different RF power levels. A program was created in Matlab to calculate Isat and
Ti. Since the Isat was measured using both the Langmuir and ISPs, the currents measured by
each are later compared.
The ISP first measured the background curve with no plasma. The ISP then measured the
I-V curve with plasma; the background curve was subtracted from the actual I-V current to
acquire the net I-V current. Isat was determined by the ISP as described in 3.4.1 for the
(Equation 3.4.1)
-II I I I , , ,.,
Langmuir probe. The inverse slope of the linear portion of the log of the ion current over Isat
versus voltage is Ti, as shown in Figure 3.4.3.
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Figure 3.4.3 Natural log of net collector current over ion saturation current versus applied
voltage at Prf=1600 Watts
3.5 Measuring the plasma potential
This section presents the materials, applications, and procedures associated with
measuring the IDp with the emissive probe in section 3.5.1 and ISP in 3.5.2, respectively.
The Dop of the DPC was measured with the emissive and ISPs in the same location. There
were two variables in the measurement of Op with these two probes: location and RF power
levels. The two probes were both placed in the same diagnostic port. The probes first measured
the (Dp, via the collected current and applied voltage graphs, in the center of the chamber and
then they were gradually moved to the edges of the chamber. A variety of RF power levels from
50-1600 W were applied to these probes in each of their locations within the DPC.
3.5.1 Measuring the plasma potential with the emissive probe
A typical graph of floating potential versus DC current through the emissive probe at
Prf=300 Watts is shown in Figure 3.5.1. From equation 2.2.1, Vfl increases with lem until
Iem-Iesat. Vfl will flatten when lem-Iesat and Vfl- Op. The higher ne, the higher lem needs to be to
reach the lesat.
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Figure 3.5.1: The emissive probe floating potential versus DC current through the filament at
Prf= 300 W
The @p for each RF power level was determined from the average of the flat-line portion of its I-
V graph. The error of the emissive plasma potential at each value was determined from the
standard deviation of the average value.
3.5.2 Measuring the plasma potential with the ion-sensitive probe
A typical I-V graph of the ISP at Prf= 1600 W is shown in Figure 3.5.2. It was observed
that the Op of the emissive probe was typically in the region (dotted rectangle in figure) where
the "knee" occurred in the lesat. For h>-3mm, Iesat-0 for Vcollector=Vsidewall.
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Figure 3.5.2: Collector voltage of the ISP versus net current at Pf= 1600 W, the dotted region
represents emissive potential
The (p for each RF power level was estimated from the slope-changing section of its I-V graph.
The error of the ISP (Ip at each value was estimated visually. Please see the 5.1 for a discussion
of this figure's behavior.
3.6 Probe comparison
The two probes being compared here are the known accurate yet fragile emissive probe
and the sturdier but untested ISP. The main qualities being compared were their ability to
accurately measure IDp, their longevity and fragility, and ease to use. The latter two qualities
were compared by the number of each probe that had to be used to complete this experiment and
the ease with which the probes could be constructed. The (op measured by these two probes was
compared in the same diagnostic port at the same RF power levels and the distance moved in the
chamber. The F(p measured by these probes was both numerically and graphically compared
using error.
4.0 Results
This section presents the results associated with the plasma characteristics measurements
in section 4.1, ISP placement in section 4.2, plasma potential measurements in section 4.3, and
comparison of the Fp measurements in section 4.4.
4.1 Plasma characteristics measurements
The plasma characteristics measurements were conducted with the Langmuir and ball pen
probes as described in sections 4.1.1 and 4.1.2, respectively. The ion saturation current of these
two probes are compared in section 4.1.3.
4.1.1 Plasma characteristics measurements with Langmuir probe
The Langmuir probe was used to measure the I-V data of the Dionisos plasma to
calculate Isat, Te, and ne at various RF power levels. The graphs of Isat for the Langmuir probe
as well as its Te and electron density versus RF power level are shown in Figure 4.1.1, Figure
4.1.2 and Figure 4.1.3, respectively.
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Figure 4.1.1: Measured Langmuir ion saturation current versus RF power level
As can be seen from Figure 4.1.1, Isat increases and remains relatively constant until
reaching 2.85*10-5 A at 1000 Watts. Isat increased by an order of magnitude at 1200 Watts to
7.08E-04 A and increases tenfold to 7.9E-03 A at 1600 Watts.
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Figure 4.1.2: Electron temperature versus RF power level
As can be seen from Figure 4.1.2, Te remains relatively constant at 50 from 0 to 1000
Watts. However, Te slightly increases from 1200 to 1600 Watts to about 6 eV. As can be seen in
the figure, there is one outlier in this figure at 1200 Watts.
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Figure 4.1.3: Electron density versus RF power level
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As can be seen from Figure 4.1.3, ne gradually increases to about 1015 m -3 from 0 to 1000
Watts and then dramatically increases above 1000 Watts to reach 1018 m-3 at 1600 Watts.
4.1.2 Plasma characteristics measurements with ion-sensitive probe
The ISP was also used to measure the I-V data of the Dionisos plasma to calculate Isat at
various RF power levels. This I-V data was measured at various RF power levels with the same
ideal ISP placement. The graph of Isat versus RF power level for the ISP is shown in Figure
4.1.4.
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Figure 4.1.4: Measured ISP ion saturation current versus RF power level at h=-5mm
As can be seen from Table 4.1.4, Isat increases and remains relatively constant until
reaching 1.45*10-4 A at 1000 Watts. Isat approximately doubles from 1000 to 1200 Watts and
then increases ten-fold at 1600 Watts to 0.0054 W.
Ti was calculated for RF power levels 1000 Watts and higher, as shown in Figure 4.1.5,
since lower RF power levels had too small of a signal.
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Figure 4.1.5: Ion perpendicular temperature versus RF Power level
4.1.3 Ion saturation current comparison of Langmuir and ion-sensitive probes
The Langmuir and ISP Isats are shown in Figure 4.1.6. As can be seen from this diagram,
they follow the general trend of each other.
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Figure 4.1.6: Comparison of ISP and Langmuir ion saturation current
4.2 Ion-sensitive probe placement
It was found that a clear Iesat "knee" (Figure 3.5.2) was seen with h=-5 mm; for all case
it was found that Iesat-0 at h=-5mm. This distance was used for all other portions of this thesis
as the ideal ISP placement distance.
4.3 Plasma potential measurements
The plasma potential measurements were conducted with the emissive and ISP probes as
described in sections 4.3.1 and 4.3.2, respectively.
4.3.1 Plasma potential measurements with emissive probe
The Dp measurement was read from each individual I-V graph of the emissive probe at a
certain RF power level. Dp is plotted versus RF power level in Figure 4.3.1.
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Figure 4.3.1: Emissive probe 1p versus RF power level
As can be seen from Figure 4.3.1, the Dp increases to 40 Volts until 800 Watts and then
decreases to 15 Volts until 1600 Watts.
4.3.2 Plasma potential measurements with ion-sensitive probe
The 1p was estimated from each individual I-V graph of the ISP at a certain RF power
level. Dp is plotted versus RF power level in Figure 4.3.2.
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Figure 4.3.2: ISP Dp versus RF power level
As can be seen from Figure 4.3.2, the Ip increases to 43 Volts until 800 Watts and then
decreases to 22 Volts until 1600 Watts.
4.4 Comparison of the emissive and ion-sensitive probe
Throughout the experiment, several emissive probes were used and only one ISP was
used. Thus, the ISP has a longer lifespan than the emissive probe and is also less fragile.
The Fps of the emissive probe and the ISP were compared graphically versus RF power
level in Figure 4.4.1 and numerically in Table 4.4.1. The solid line represents the emissive probe
FDp and the dashed line represents the ISP Op.
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Figure 4.4.1 Comparison of the emissive (Dp (solid) with the ISP Fp (dashed) versus RF power
level
As can be seen from Figure 4.4.1, the two Ops follow the same general pattern of
increasing to 43 Volts at 800 Watts and then decreasing to 15-20 Volts at 1600 Watts. This
relationship can also be observed in Table 4.4.1.
Table 4.4.1: Comparison of RF power with emissive and ISP Op
RF
power Emissive 'Fp Emissive $p Error ISP Dp ISP ODp Error
(X) (9 (V) (19 (M)
50 25 5 28 5
100 34 6 31 5
300 38 6 36 5
600 41 6 40 5
800 41 6 44 5
1000 40 6 41 5
1200 36 6 35 5
1600 15 4 22 3
5.0 Discussion
This section discusses the plasma characteristics measurements in section 5.land 1'p
measurements in section 5.2.
5.1 Plasma characteristics measurements
Te calculated for the Dionisos plasma by this thesis is similar to previous experiments,
and Te is in typical range of low-temperature RF plasmas.
Ti was measured to be greater than Te, but the opposite should be true since the electrons
were heated in this experiment. So either the ions were heated in this experiment or the ISP can
not measure Ti. A possible explanation for this behavior is in 5.2.
Isat measured by the Langmuir and ISP is unique to each probe and this experiment. The
behavior of the two ion saturation currents followed the general trend of one another.
ne calculated for the Dionisos plasma by thesis is similar to previous experiments, so the
densities seem reasonable.
5.2 Plasma potential measurement
The Op of the ISP versus RF power level follows the same general shape as the Op of the
emissive probe versus RF power level; all measured ISP Dps (including their error) are within
the error in the ISP Op.
The ISP Dp was visually estimated from its I-V curve based on the knowledge of the
emissive Op. The ISP was observed to collect ions at first, but as voltage increased it began to
collect electrons until reaching a peak and decreasing back to zero. A possible explanation of this
behavior is charge-space effects. At first, the ISP is only collecting ions due to filtering out of
electrons by placing itself into its insulator. However, when the ISP begins to collects ions, the
probe walls become positively charged and create an electrical field, which attracts electrons to
the center of the ISP. Here electrons can be collected at the bottom electrode if it has a
sufficiently high positive voltage. However, when the externally imposed potentials at the wall
and collector cone is at and surpass the Dp, the unmagnetized electrons can no longer enter the
probe volume, eliminating space-charge effects. However, this explanation remains tentative and
requires further investigation. Note that this space charge effects could distort interpretations of
ion collection; which is possibly consistent with the Ti-Te observation.
To better understand the 1ps of the emissive and ISP, measurements should be taken
more regularly from 1000-1600 Watts and if possible at higher values.
6.0 Conclusion
This section makes concluding remarks on the plasma characteristics measurements in
section 6.1, plasma potential measurements in section 6.2, and the general conclusion in 6.3.
6.1 Plasma characteristics measurements
The temperature and density calculated for the low-temperature Dionosis plasma are
similar to past calculations. Isat calculated is approximately the same for the Langmuir and ISPs
in helicon mode. Therefore, since the temperature, density, and Isat measurements are
reproducible, the ideal operating parameters of the Dionosis plasma can be determined. The
Dionosis plasma is a good representation of the C-Mod SOL plasma because their plasma
densities are approximately the same. The ideal operating conditions are at 1600 Watts, same
port location, and 0.04 Tesla magnetic field.
6.2 Plasma potential measurements
The 'Fp of the ISP versus RF power level generally follows the shape of the emissive
probe (p versus RF power level. At all times were both Dp within the error of one another.
Thus, since the emissive probe is known to accurately measure op, the ISP is also accurately
measures Dp.
6.3 General conclusion
The plasma electron density in the DPC in helicon mode imitates the C-Mod SOL
plasma, making the DPC an accurate test environment for C-Mod of the material plasma probes.
An ideal operating point was determined and used repeatedly in terms of location, RF power
level, and magnetic field. An ideal operating location for the ISP within its insulator was also
determined. The ISP has a longer lifetime than the emissive probe and is also less fragile.
Initial tests comparing the ISP Fp with the emissive probe 'Dp were conducted. These
results are very promising in that the general shape of the ISP 1p versus RF power level matches
that of the emissive probe ODp, and the error of the ISP Dp measurements is within the error of
the emissive probe op.
Since the ISP was found to accurately measure Dp in the DPC when compared with the
emissive probe's potential, the ISP will be tested along with the emissive and Langmuir probes
in C-Mod. From the (p distribution the incident plasma ion energy on the PFC can be
determined as well as the erosion rates in C-Mod. The erosion rates of molybdenum and tungsten
PFC will be compared when ICRF heating is and is not used. The success of molybdenum as a
PFC can then be evaluated by its erosion rate and other factors to determine whether or not it
should be used in future fusion reactors.
Future work will explore if the space-charge effects are responsible for the behavior of
the ISP.
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